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CHAPTER 5

Further characterisation of the intB element

in D. nodosus strain A198

5.1 Introduction

There are two copies, or part thereof, of the intB element in the genome of the
virulent D. nodosus strain A198 (Bloomfield er al., 1997b). One copy of the intB element
is present adjacent to the attR site of vap region 3, and sequencing analyses to date have
led to the identification of five poential open reading frames, designated intB, regA gepA,
gepB and gepC (Table 5.1) (Bloomtfield et al., 1997b). The location of this genetic

element in relation to the vap regions is shown in Figure 5.1.

The second copy of the intB element sequences are present next to the a#tR site of
vap region 2 in strain A198, and contains a partial copy of the intB gene, encoding of only
the first 164 aa from the amino-terminus of the 403 aa intB gene, and 1s called intB,
(Figure 5.1) (Bloomfield et al., 997b; Whittle, 1994). The intB,, gene is followed by

orf379, which is not related to regA or gepB-C.

In benign D. nodosus strain C305, there are two copies of the intB gene, both of
which are truncated. One of these copies of the intB gene is integrated adjacent to pnpA in
the C305 genome (Figure 5.1), and is identical to intBy from D. nodosus strain A198
(Bloomfield, 1997; Shaw, 1997). This is followed by orf379. The other copy of intB is

next to the inrC element sequences and consists of only 100 bp from the middle of the intB
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coding region, and consequently is herein called intB,, (Figure 5.1) (Bloomfield, 1997).

intB,, is followed by regA.

In summary, in strains A 198 and C305 three variants of the intB gene have so far
been sequenced. In an effort to further characterise the intB element, chromosome walking
to the right of gepC 1n strain A193 was undertaken, and a sequence of 4.3 kb determined.
The prevalence, arrangement and integrity of the intB element in seventeen strains of
D. nodosus was investigated in Scuthern blot experiments, in order to determine if there is

a correlation between the presence and integrity of the intB element, and virulence.

5.2 Results

5.2.1 Screening of D. nodosus strain A198 lambda library

A library of genomic DNA from the virulent D. nodosus strain A198 in
bacteriophage lambda was screened using DNA fragments (Figure 5.2) derived from the
intB gene (probe 1) and gepBC (probe 2) to probe filters from duplicate plaque lifts. Four
lambda clones (A\GW 1.7, AGW 1.5, AGW 1.2 and AGW 1.4) hybridising to both probes and
a fifth clone hybridising to probe 2 alone (AGW 1.6) were isolated (Figure 5.2). Restriction
maps of overlapping lambda clones were constructed and aligned with previously-
determined intB element sequences (Bloomfield et al., 1997b) from strain A198

(Figure 5.2) which are adjacent to vap region 3 (Figure 5.1).

5.2.2 Sequencing of the region downstream of gepC in D. nodosus strain A198

DNA fragments from EcoR1, HindIIl and EcoRI/HindlIlI restriction enzyme digests

of AGW1.4 were gel purified and subcloned. In an effort to confirm that the sequences

Further characterisation of the i\ntB element in D. nodosus strain AI198
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isolated on AGW 1.4 reflected the arrangement of the same sequences in the A198 genome,
a Southern blot analysis was performed. Genomic DNA from D. nodosus strain A198 was
digested with EcoRI, HindIIl and EcoRI/HindlIlI and probed with pGW39.1 (Figure 5.3).
pGW39.1 hybridised to 7.0 kb EcoRI fragment, 5.3 kb and 2.5 kb HindIII fragments, and
4.4 kb and 2.5 kb HindIIl/EcoRI fragments, which is consistent with the sizes predicted
from the restriction enzyme map of AGW 1.4 (Figure 5.3). A series of subclones extending
from the EcoRlI site at position 21714 to the most distal multiple cloning site in the right arm
of bacteriophage lambda were constructed (Figure 5.3). A sequence of 4261 bp was
determined (from 4671 nt right of the Sacl site to the EcoRI site at position 8932,

Figures 5.3 and 5.4).

The intB element sequence (Figure 5.4) has a G + C content of 43%, which is
similar to the 45% G + C content characteristic of the D. nodosus chromosome (Holdeman,
Kelley & Moore, 1984). It was previously proposed that the intB element may have been
acquired by horizontal transfer (Bloomfield ef al., 1997b), however, elements that have
been acquired horizontally ofteri have quite a different G + C content from the host
chromosome. If the intB element was acquired horizontally, it may have been acquired
long ago, and codon usage may have since evolved to be more like the host chromosome.
Alternatively, it may have bee1 acquired from an organism with a similar G + C

composition.

The sequences upstream of intB, regA and gepA-Bwere analysed for open reading
frames with start codons preceded by Shine-Dalgarno ribosome binding sites (Shine &
Dalgarno. 1974), which led to the identification of five putative open reading frames, that
have been designated genetic element protein genes gepC, gepD, gepE, gepF and gepG
respectively in order to be consistent with earlier nomenclature (Bloomfield et al., 1997b)

(Figure 5.5).

Further characterisation of the intB element in D. nodosus strain A198
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AGCAAACGATTGCATTAAAATTTATTACCCCTTGTATTATTAATAAAATCAAGCGCCAGCAAACGTTTCACCGCTGTTTT 4400

TCGTTTGCTAACGTAATTTTAAATAATGGGGAACA 'AATAATTATTTTAGTTCGCGGTCGTTTGCAAAGTGGCGACAAAA

TTATCATTACCAATCTGCAAAAATGGCAGCACATANAGTTATTTAAAACGATCATTGCTAAACTGTATTCATTTGATGAR 4480
AATAGTAATGGTTAGACGTTTTTACCGTCGTGTAT 'TCAATAAATTTTGCTAGTAACGATTTGACATAAGTAAACTACTT

CTGCTGGTTTAACAAAAAGGAACAAGTGATGGCACACTTTTTTTATGGAACATTAATCCGCTGGCAACGCAGCGCGCAAA 4560
GACGACCAAATTGTTTTTCCTTGTTCACTACCGTG *"GARAAAAAATACCTTGTAATTAGGCGACCGTTGCGTCGCGCGTTT

gepC My B SR A W BE S ME Ay K UEL 1€ RN W OBKY D
AGGAACCGTAGAATTAGACGGCAGCAAATGCTTARA !GCCCATTGATGTATTTTGTTTTGCTAAAGAATGCCGCGTAAAAG 4640
TCCTTGGCATCTTAATCTGCCGTCGTTTACGAATTACGGGTAACTACATAAARACAAARCGATTTCTTACGGCGCATTTTC

G A R B A F @ W D R K Y N SR O E_BE A @ W WG B Y S
CCGGCGCGCGCTTGGCATTTCAAATCGATCCCAAA''ACAACACCATCTTTGATGCGCAAATCGTTGGTTTTACCTACTCT 4720
GGCCGCGCGCGAACCGTAAAGTTTAGCTAGGGTTTATGTTGTGGTAGAAACTACGCGTTTAGCAACCAARATGGATGAGA

E N ‘sl Bt © Ef s B B F B P (D M B S D E S I W i 8 Ay SE B A
TTTAATTCCGAACAAGAAATTGATCGGTTTGATGA :GACTTGCCCAGCGATTTTTCATTGATCATTTCTGCCATTTTTGC 4800
AAATTAAGGCTTGTTCTTTAACTAGCCAAACTACT CTGAACGGGTCGCTAAAAAGTAACTAGTAAAGACGGTAARAACG

A ¥ F » AB® I 9 F L ¥ ® @ A F BTI T L @ % A A ¥V 31 r
CGCCGTATTTTTTGCCATGATCACCTTTCTTTATC :GCCGTCTATATTGATTTTATTAGGCACGGCTTCGGTCATCATGT 4880
GCGGCATAAAAAACGGTACTAGTGGAAAGAAATAG 3CGGCAGATATAACTAARATAATCCGTGCCGAAGCCAGTAGTACA

} &S R ¥ 3 R W & W BE & B @A P L, € 8 F 3 P » VvV P
TTATTCAATTGCTTTATGAACGCTGGTCGTGGGAG S GCAATCAATCGCCGTTATGTTCATTTAATCCGCCCGTTTTTTTA 4960
AATAAGTTAACGAAATACTTGCGACCAGCACCCTC 3CGTTAGTTAGCGGCAATACAAGTAAATTAGGCGGGCAAAAAAAT

I L B & & @ & ¥ &8 @« &4 & P9 B " B F " YQREQF N>
ATTTTATCATTGCTCGGCGCGTGGTCAGGCGCGTT ACTTGGGCAATATATGTTTAACTATCAACGGCGCCAACCGCGTTT 5040
TAAAATAGTAACGAGCCGCGCACCAGTCCGCGCAATGAACCCGTTATATACARATTGATAGTTGCCGCGGTTGGCGCAAA

2 ¥ A A 9 L ¥ &8 @ I B F R Y L FE A B B EBF b mBnPF
TAAATATTTATTGTGGCTCGTCTCCGGCATCAATT 'TTCCGTCCTATTTTTATTAGGCATCAATTTTGACATGCGTCCGC 5120
ATTTATAAATAACACCGAGCAGAGGCCGTAGTTAAMAAGGCAGGATAAARATAATCCGTAGTTAAAACTGTACGCAGGCG

B BB B WS AL M W/ @ O BH) B B ISE iS) B W _IE (@ INL O A R 3 D) I
CGGAACCAGAACCCGTCGCTATCGTGCARACCCAT ZAACCGTCATCGCTGACCGAACAAAATACCGCGCCGACCGACACC 5200
GCCTTGGTCTTGGGCAGCGATAGCACGTTTGGGTA STTGGCAGTAGCGACTGGCTTGTTTTATGGCGCGGCTGGCTGTGG

2L B o KR WV e N DY S N eyl B g s T B O S N S S B
GCACCGCAAAARACCCGTAACCAATACTGTTTCCAATCAAACCGAACCATCATCAACCGACATTTCGCAAAATTCATCGCC 5280
CGTGGCGTTTTTGGGCATTGGTTATGACAAAGGTT AGTTTGGCTTGGTAGTAGTTGGC TGTARAGCGTTTTAAGTAGCGG

T A T A P B £ BT "R A" A" TSR DAY 2T PR D S C 7
AACTGCCACCGCGCCGGACATTTCATTGCCTGCGG I'TTCATTTTTTGAAACACCAAAGGTTACGCCGCCGGAATCGTGTT 5360
TTGACGGTGGCGCGGCCTGTAAAGTAACGGACGCCAAAGTAAARAAACTTTGTGGTTTCCAATGCGGCGGCCTTAGCACAA

I ¥ ¥ Q0 bF A DB & & 4 E T F A A F O & % N P D &
ATATCGTCGTGCAAGATTTTCGTGATATGGAAGCA GCGAAAACTTTTGCCGCCGAACAAGCATTARACAATCCTGATGCG 5440
TATAGCAGCACGTTCTAAARAGCACTATACCTTCGTCGCTTTTGAARACGGCGGCTTGTTCGTAATTTGTTAGGACTACGC
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P I B 3 F ¥ F Q OB X B A Y T B E YT R E I 5 S & MAnn
CCAATTCGCATCTTTTTCACGCAAAAATATAAATTCGCCGTCACCARCGGCACATTAGAAATTTCATCTGCCGCCGCGCA 5520
GGTTAAGCGTAGAAARAAGTGCGTTTTTATATTTAAGCGGCAGTGGTTGCCGTGTAATCTTTAAAGTAGACGGCGGCGCGT

E B @ E 7 A A E L " F B & ¥ € b b B b6V R 18 % a
ATTAGATCAARAAATCGCCGCCGGTGAATTGCCGCCGGAAAGTTATTGTTTGCTGARAGCCGGCGTTCGCGAAGAAGTGG 5600
TAATCTAGTTTTTTAGCGGCGGCCACTTAACGGCCGCCTTTCAATAACAAACGACTTTCGGCCGCAAGCGCTTCTTCACC

R *
CGCGTTAAAAAGATGGACAAACGTCCGCCGGCGTT TTAATCTAAAAAAACTTGTCGGGGTGCTGTTTTCAGCTGAGAAAT 5680
GCGCAATTTTTCTACCTGTTTGCAGGCGGCCGCARAATTAGATTTTTTTGAACAGCCCCACGACAAAAGTCGACTCTTTA

-35
ACCCGTTGAACCTGATTCAGTTAATACTGACGGACGGAACAAGCCAACGCTTTTGTCTCCTCCGTTTTTGGAGGATTTTT 5760
TGGGCAACTTGGACTAAGTCAATTATGACTGCCTC CCTTGTTCGGTTGCGAAAACAGAGGAGGCAAAAACCTCCTAAAAA

-10 gepD ¥ ¥ 8 ¥y T ¥y &8 &1 E N
TTTGATGATTTTTACTGCTGCAATCCATCTGATTT TAAAAGCGAGTAACGATGACTAGCGTTACCGTTTCCATCAAAAAT 5840
AAACTACTAAAAATGACGACGTTAGGTAGACTAARATTTTCGCTCATTGCTACTGATCGCAATGGCAAAGGTAGTTTTTA
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GAAATAAATAGGATGCCGCGCGTGCAGTAAAAAGTCCTGAARAGGGTGCTAAAACGGCGGTTGCGCACCGTGCAGTAAAA
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AGGACGCTCGGGCTGCGGTAAAAGCAGTTTATTAC ACGCCATTGCCGGATTACTTGCTGCCAACGGACAACAGCGCGGAA 6000
TCCTGCGAGCCCGACGCCATTTTCGTCAAATAATC TGCGGTAACGGCCTAATGAACGACGGTTGCCTGTTGTCGCGCCTT
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GCATTGATGACGGCGCTGGCAACTCATTATCCGGZ CGATTGCGTTGGATGGCGCAGGAAAATGATTTATTGCCGTGGTTG 6080
CGTAACTACTGCCGCGACCGTTGAGTAATAGGCCTGCTAACGCAACCTACCGCGTCCTTTTACTAAATAACGGCACCAAC
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AATATTGAAGACAACGTTCTTTTGGGCGCGCACGT GCGCGGTGAAGCGAAAAATGCGGCGGCAGTGGAGCGTTTGTTGAC 6160
TTATAACTTCTGTTGCAAGAAAACCCGCGCGTGCA CGCGCCACTTCGCTTTTTACGCCGCCGTCACCTCGCAAACAACTG
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GGCTTGCGGTTTAAAAGTCAACAACAAAAAGCGTC CGCAGCAATTATCCGGCGGCGAACGGCAACGGCTGGCTTTAGCGC 6240
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GCACTTTAATTGACGATGCCCCGCTCATTTTGATC GACGAACCTTTTTCCGCTTTAGACGCGATCACGCGTTATCAATTG 6320
CGTGAAATTAACTGCTACGGGGCGAGTAARACTAC CTGCTTGGARAAAGGCGAAATCTGCGCTAGTGCGCAATAGTTAAC
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CAAAATCTCGCCACCGAATTATTGGTTGACCGCAC CGTGATTATGATCACGCACGATCCGGCAGAAGCTTTGCGCTTAGC 6400
GTTTTAGAGCGGTGGCTTAATAACCAACTGGCGTC GCACTAATACTAGTGCGTGCTAGGCCGTCTTCGAAACGCGAATCG
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TTTAATAAACATGCAAAATCTTTTGCCGCGCGATTGGCTTAATGGCGAAGGGCGGCGGCGTGGCGGCGCGCGCAAATGGT

gepE 4 3 B8 F A A Q F R B ZF B
E @ E A B R O @& @ i I OB H [E R *
GCGAAGGTTTTGCCGAACGGCAACAGCAACTTTTC GAGCATTTGCGATGATTCGTTTTGCCGCACAATTTTTATTAACTG 6560
CGCTTCCARAACGGCTTGCCGTTGTCGTTGAAAAC CTCGTAAARCGCTACTAAGCAAAACGGCGTGTTAAAAATAATTGAC
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CATTCGGACTGTGTTTTTTATGGCAAAGCGTCATT TGGTTAACGCAGACGCCGCCTTATATTTTGCCGTCGCCGCTGGCA 6640
GTAAGCCTGACACAAAAAATACCGTTTCGCAGTARACCAATTGCGTCTGCGGCGGAATATAAAACGGCAGCGGCGACCGT
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GTTTTGCAGTGTTTATACACAGATTTTGATGTTTTATGGCGCCACAGCCGCGTTACCGTATTAGAAATTGCTTTGAGTTT 6720
CAAAACGTCACAAATATGTGTCTAAAACTACAAAR TACCGCGGTGTCGGCGCAATGGCATAATCTTTAACGAAACTCAAA
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GGGCATTGCCAGCGTTTTTGGAACGGCAACGGCGC TTATTTTAATGATTAATGCGCGTTTGAGACGATGGCTGCAGCCAT 6800
CCCGTAACGGTCGCAAAAACCTTGCCGTTGCCGCCAATAAAATTACTAATTACGCGCAAACTCTGCTACCGACGTCGGTA

4 Y B " B BEW¥Y ¥ 53 A" EADDEF O R AT
TAATTTTAGTATCGCAAACGATGCCCGTTTACGCCCTCGCACCAATTTTAATGCTTTGGTTTGGTTACGGTTTAACGCCG 6880
ATTAAAATCATAGCGTTTGCTACGGGCAAATGCGC GAGCGTGGTTAAAATTACGAAACCARACCAATGCCARATTGCGGC

£ X 2 ¥V T ¥ L F AT F 3 L YT A EFY S8R E A
AAAATCATCGTTACCGTGTTAATCGCTTACTTTCC CATCACCACCGCCACTTTTGACGGTTTACAARCAARACGCCGCCGGC 6960
TTTTAGTAGCAATGGCACAATTAGCGAATGAAAGC GTAGTGGTGGCGGTGAAAACTGCCAAATGTTGTTTGCGGCGGCCG

YoOn R M A @ R I 6 A N OB IR W M W R OH R M R A A ke B H
TTATTTGCGTTTAGCGCAAACGTTAGGCGCGAATC CGCGGCARATTTTATGGCGCATTCGCATGCCGGCAGCGTTGCCGC 7040
AATAAACGCAAATCGCGTTTGCAATCCGCGCTTACGCGCCGTTTAAAATACCGCGTAAGCGTACGGCCGTCGCAACGGCG

L & §8 G B R Y @ M A N A P L G A I I &3 ¥ v & G & »
ATTTGGCATCGGGATTGCGCGTGGGCGCGGCGATCE GCGCCGATTGGTGCCATTATTGGTGAATATGTTGGCGGAAGCGAT 7120
TAAACCGTAGCCCTAACGCGCACCCGCGCCGCTACCGCGGCTAACCACGGTAATAACCACTTATACAACCGCCTTCGCTA

G L) & ¥ B M © ¥ G 4 N R S OV A L@ E A A & E V M W L
GGGTTGGGTTATTTAATGCAATACGGCATTAATCC CAGCCARGTTGCGTTAACTTTTGCCGCTTTGTTTGTGATGACGTT 7200
CCCAACCCAATAAATTACGTTATGCCGTAATTAGCGTCGGTTCAACGCAATTGAAAACGGCGAAACAAACACTACTGCARA

L oA E WY G T DA R E B K v B D e N N G E #gepRin
ATTAACGTTAGCGATTTATTACGGCATCGATGCAC TTTTTGAAAARATGGTATTATTGGGTAACAATGGGGAGTAATACA 7280
TAATTGCAATCGCTAAATAATGCCGTAGCTACGTCARAAACTTTTTTACCATAATAACCCATTGTTACCCCTCATTATGT
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K B M IS B OB m E G W M oW o o A R A K RO R H R MR
TGAAAARAAATCAGTACGTTTTTATTCGGATTAATC TTGGCAACAACGGCTTTGGCAAAAGAGCCGCTGCATTTAATGTTG 7360
ACTTTTTTTAGTCATGCAAAAATAAGCCTAATTAC AACCGTTGTTGCCGARACCGTTTTCTCGGCGACGTAAATTACAAC

B ‘Wl SE M N} B N 'H, A\ B I & T A ' @ N 6 ¥ B P K B € I E W
GATTGGTTTATCAATCCCAATCATGCGCCGATCATCATCGCGCAACAAAACGGTTATTTTGATAAACACGGTTTAGAAGT 7440
CTAACCAAATAGTTAGGGTTAGTACGCGGCTAGTA GTAGCGCGTTGTTTTGCCAATAAAACTATTTGTGCCARATCTTCA

B M B B Bl S D B A I B B K L WA A B K A B R A N YO
CACCATCACCGAACCGTCCGATCCGGCGCTGCCGC CGAAATTGGTTGCCGCGGAAAAAATCGATTTAGCCATCAATTATC 7520
GTGGTAGTGGCTTGGCAGGCTAGGCCGCGACGGCEGCTTTAACCAACGGCGCCTTTTTTAGCTARAATCGGTAGTTAATAG

Q 'O} W H i @ W R E G B 6 1Sh R W RS R ok T A WP U N (@
AACAACAATTGCATTTACAAATTGACGAAGGATTC CCGATATCGCGCGTATCAACGTTAATCGCTACGCCTTTAAATTGC 7600
TTGTTGTTAACGTAAATGTTTAACTGCTTCCTAACGGCTATAGCGCGCATAGTTGCAATTAGCGATGCGGAAATTTAACG

¥ & ¥ % LA § & @ &4 & B V S DE® @ X 1 & 3 & V¥ a.aewvw
GTGATTGTTGACGCGCAAAGTGGCATTAAACAAGT TTCTGATTTAAAAGGTAARAAAATTGGTTATTCCGTTGCCGGCGT 7680
CACTAACAACTGCGCGTTTCACCGTAATTTGTTCAAAGACTAAATTTTCCATTTTTTTAACCAATAAGGCAACGGCCGCA

B ME] Ay WV UL QS| JEN Mg JAL ISH @ 4G JE P 0§Dl VK B MW N W ONL B S
TGATGAAGCCGTGTTGCAATCTTTTTTAGCCAGCCGTGGTTTAACTTTAARCGATGTGAAACTCGTCAACGTCAATTTTT 7760
ACTACTTCGGCACAACGTTAGAAAAAATCGGTCGC CACCAAATTGARATTTGCTACACTTTGAGCAGTTGCAGTTAARAA

W Sl B A W M S G @ Y B A VYV K G A’ R IE W OE IO OE MK
CTTTATCGCCGGCGGTGATGAGTGGACAAGTAGAC GCGGTTATCGGCGCCGCGCGCACGGTGGAATTACACGAAATGAAA 7840
GAAATAGCGGCCGCCACTACTCACCTGTTCATCTGCGCCAATAGCCGCGGCGCGCGTGCCACCTTAATGTGCTTTACTTT

Ay H N OH E] @ R R jE JF B O E B B 6 E B B F BYE L F E WV OB B
GCGCACAATCATGAAGGGCGCGCCTTCTTTTTAGAAGAACACGGCATTCCGCCCTTTGATGAATTGATTTTTGTCGCGCA 7920
CGCGTGTTAGTACTTCCCGCGCGGAAGAARAATCT TCTTGTGCCGTAAGGCGGGAAACTACTTAACTAAAAACAGCGCGT

Nl K ML R HY D E K, W W Ky BOONF B A W T Bl A, M OH B & W N - B
TAACAARACACCGCCACGATGAAAAAATCGTTAAAT TTAATGAGGCGCTCACCGAAGCCGTGCATTTTATTGTCAATCACC 8000
ATTGTTTGTGGCGGTGCTACTTTTTTAGCAATTTAAATTACTCCGCGAGTGGCTTCGGCACGTAAAATAACAGTTAGTGG

E JEL oA W @ K ¥ T oA ¥ N K G DD AW N @O AW K DS
CTGAAGAAGCATGGCAAAAATATATTGCTTATARAAAAGGTTTAGATGATGCGGTTAATCAACAAGCATGGAAAGACAGT 8080
GACTTCTTCGTACCGTTTTTATATAACGAATATTT ITTCCAAATCTACTACGCCAATTAGTTGTTCGTACCTTTCTGTCA

> ¥ 2 F A B R P & &a L D DR R Y @ N ¥ A ¢ ¥ R O 7 e
TTAACGCGCTTTGCTTTGCGTCCGGCGGCGCTTGA TGATCGGCGTTATCAAAATTACGCGCAATATTTGCATCAAATTGG 8160
AATTGCGCGAAACGAAACGCAGGCCGCCGCGAACTACTAGCCGCAATAGTTTTAATGCGCGTTATAAACGTAGTTTAACC

05 S K K TN W OB oV IS1 OE] W A W ORI B A
TTTAATTAAAAAAATCGTGCCGGTTTCGGAGTATGCCGTGCAACCGTAATCGCGGTTAATCCTARAAAGCCCTGTARCAG 8240
AAATTAATTTTTTTAGCACGGCCAAAGCCTCATACSGCACGTTGGCATTAGCGCCAATTAGGATTTTTCGGGACATTGTC

TGGCTTTTTTATGCATTTTATTGGCACGGGTTATAACGAARATGCCCGTGAGCTTTTTATATARAGAAACGGGCGTAACTA 8320
ACCGAAAAAATACGTAAAATAACCGTGCCCAATAT TGCTTTACGGGCACTCGAAAAATATATTTCTTTGCCCGCATTGAT
*« 3 FF B AYMS

TCCGTCATGCCGCTGACATAATCGCACACCGCCAATARATTTTTGATACGGGGAATCCGCATAACGACGATAACGCGTTGG 8400
AGGCAGTACGGCGACTGTATTAGCGTGTGGCGGTTATTAAARACTATGCCCCTTAGGCGTATTGCTGCTATTGCGCAACC
B T 5 0 A ¥ Y RE ¥V A SRBIEIE LY Vv 2P AT AR AT

CAATAATAATAAAATCATTTCATCGTGCCGGCGGCIGGTTTTATTGTTTAAAACCGTATTGGCAACCGCGGTGCAAAAAA 8480
GTTATTATTATTTTAGTAAAGTAGCACGGCCGCCGACCAAAATAACAAATTTTGGCATAACCGTTGGCGCCACGTTTTTT
L & b i B M B B HE R R S5 Y K N N L W T N A V B WP IE P

TATCCAATAATCCGCGCAAAATGCGGTTCCCCGCCACTTGAATTTCCACAACCGGTTGCAAGTTATAAATATAATCGCTG 8560
ATAGGTTATTAGGCGCGTTTTACGCCAAGGGGCGGIGAACTTARAGGTGTTGGCCAACGTTCAATATTTATATTAGCGAC
T R iy B 16 IR & o RN G AN W e & B Y VP E N W R S D[S

GCAAATTGGCGCAACGCTTTTAATTGACGATAAGA CGGAATATGCGGCAATAARGCAGCGCCGTTTCCATTTAARATTGC 8640
CGTTTAACCGCGTTGCGAAAATTAACTGCTATTCT SCCTTATACGCCGTTATTTCGTCGCGGCAAAGGTAAATTTTARACG
A F 4 R E A K L Q &R ¥ &8P I B P L. A B @ N @ N L I A

CGATTCTGATTGCCAAAATTGCGCGCACGTTTCAT 2GATTAATTGTCCAATCGCTTTGGCGCGCAAATAACCCAATTTAT 8720
GCTAAGACTAACGGTTTTAACGCGCGTGCARAGTASCTAATTAACAGGTTAGCGAAACCGCGCGTTTATTGGGTTAAATA
Sy EL S W F QA @R R DOE LY &R A K A R I YW G K
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CGCTTTTACTGTGCATTGCTTTGATGCGCGTTTCRATCAACATTTTCCCGCACCAATTCARATAAACGCGCATAAGCTTCT 8800
GCGAAAATGACACGTAACGAAACTACGCGCAAAGT AGTTGTAAAAGGGCGTGGTTAAGTTTATTTGCGCGTATTCGAAGA
B S K E B M2 K 5 R @ B D V N B R WV E E E & R A ¥ A E

TCAAAATGAATTTGTTTCACCTGATAAGCGTCTTCAATATCAACGATTAAATAACAARATATCATCAGCCGCTTCCATCAA 8880
AGTTTTACTTAAACAAAGTGGACTATTCGCAGAAC TTATAGTTGCTAATTTATTGTTTATAGTAGTCGGCGAAGGTAGTT
B E OB N K Y @ YW A D E OE B VR B Y € R R A 2 E M

ATACGATAACGGGTGCCGAAGCCAAACTTGCGGTT TAATTTGCGGAATTC 8930
TATGCTATTGCCCACGGCTTCGGTTTGAACGCCAAATTAAACGCCTTAAG
¥ § m P H R I W W @ P K F @ 2 I [geps

Figure 5.4: Nucleotide sequence of sequences upstream from intB, regA and gepA-B from
D. nodosus strain A198. The amino acid sequences of five putative proteins encoded by gepC,
gepD, gepE, gepF and gepG are aligned with the nucleotide sequence. Shine-Dalgarno sequences
are indicated in green type, and putative —35 and - 10 promoter sequences (red type).

5.2.3 Identification of a putative binding protein-dependent ABC transporter

The first 67 aa of the putative gepC-encoded protein had been determined
previously (Bloomfield ef al, 1997). In this work the remaining 270 aa of the putative
GepC protein were determined. GepC has no similarity to sequences in the GenBank

databases.

gepD encodes a potential protein of 239 aa which has a very high degree of amino
acid identity to numerous ABC (ATP-binding Cassette) transporter, ATP-binding proteins
(Table 5.2). gepD is in an operon-like arrangement with gepE, which overlaps the gepD
coding region by one nucleotide. gepE encodes a protein which has very high similarity to
ABC transporter membrane-assoc ated proteins (Table 5.2). gepF encodes a protein that
shares significant amino acid identity to Nmtl-like thiamine biosynthesis proteins
(Table 5.2), which are, at least in Haemophilus influenzae, located immediately adjacent to
genes encoding an ABC-transporter ATP-binding subunit and an ABC-transporter
membrane-associated protein respectively (Table 5.2). gepG encodes a protein that shares

similarity to hypothetical proteins of unknown functions.
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It is interesting that the proteins to which the GepD and GepE putative transport
proteins are most similar are involved in the import of substrates such as sulfate, nitrate,
histidine, iron, thiamine, mannose and glycine/betaine (Table 5.2), and all belong to the

binding protein-dependent (BPD) ABC transporter subfamily (Boos & Lucht, 1996).

These bacterial binding protein-dependent (BPD) ABC transporters belong to a
superfamily of proteins called ABC transporters, which share a region of high homology
which extends over a region of 200 aa (Boos & Lucht, 1996; Higgins, 1992) in one of the
polypeptides. This 200 aa region is called the ATP-binding cassette, within which there is
a highly conserved ATP-binding motif that contains two conserved sites (A and B) that

form an ATP-binding pocket (Rossmann et al., 1975).

This ATP-binding site typically occurs at the end of an a-helix, and the amino acid
consensus sequence forms a turn which brings the lysine (K) residue in close proximity
with one of the phosphate groups in the Mg™*-ATP (Fath & Kolter, 1993). The negatively
charged aspartate residue (D) interacts with the positively charged Mg™ ion in the A-site
(Fath & Kolter, 1993). The consensus sequence for the A-site has been defined as [AG]-
x4-GK-[ST] (Fath & Kolter, 1993), whilst the B-site is defined as VLLLDEP (Boos &
Lucht, 1996). These binding sites have been subsequently identified in bacterial proteins
that are dedicated to the export and import of substrates and other proteins that are

dependent on cellular energy (Fatl, 1993: Higgins et al., 1986).

The ATP-binding cassette also contains another conserved sequence of 9 bp called
the linker peptide that is thought to play a critical role in signal transduction between the

ABC subunit and the integral menibrane protein domains (Boos & Lucht, 1996).

Using the WAG motif program and the Prosite patterns database, an ATP-binding
cassette was identified within GepD, and was aligned with the ABC transporter consensus

sequence as described in the licerature (Boos & Lucht, 1996; Fath & Kolter, 1993)
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(Figure 5.6). The ABC transporter, ATP-binding protein is not involved in substrate
specificity (Boos & Lucht, 1996) tut hydrolyses ATP and thereby provides the energy for
the translocation of a wide variety of substrates across membranes (Higgins, 1992). The

linker peptide motif is also present in GepD (Figure 5.6).

The membrane-associated protein (permease) component of BPD ABC transporters
has a strongly hydrophobic character. Computer aided analysis (Claros, 1996; Claros &
von Heijne, 1994) of hydrophobicity of the GepE protein, and predicted topology suggests
that the GepE protein is an integral membrane protein that contains four putative
transmembrane domains (Figure 5.7). Furthermore, these putative transmembrane
domains are separated by hydrophilic peptide loops of varying length, two exposed to the
periplasmic face and one to the cytoplasmic face. Both the amino and carboxyl termini are
located on the cytoplasmic face o™ the membrane according to the “positive-inside rule”

(von Heijne, 1986).

Most of the membrane-associated proteins of BPD transporters that have been
described previously are predicted to have six transmembrane domains that form three
periplasmic loops and two cytoslasmic loops, with both C- and N- termini on the
cytoplasmic face (Higgins, 1992). However, few BPD ABC importers have been
characterised (Boos & Lucht, 1926), and of those that have been characterised, some
variation in the number of transmembrane domains has been noted, as determined by gene
fusion and proteolysis experiments. For example, the ProW (514 aa) protein of E. coli
contains seven transmembrane domains (Hennessey & Broomesmith, 1993), whilst HisQ
(228 aa) and HisM (235 aa) of S. typhimurium are short for proteins in this class (~300 aa)
and have only five transmembrane domains (Traxler, Boyd & Beckwith, 1993). The
D. nodosus GepE (249 aa) proteir is similarly short, and thus may not conform to the six

transmembrane-spanner consensus structure characteristic of ABC transporters in general
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Figure 5.6: ClustalW alignment of ABC transporter, ATP-binding proteins with similarity to the
gepD encoded ATP-binding cassette (blue) and the consensus sequence for E. coli BPD ABC
transporters (red) (Boos & Lucht, 1996) of the 200 aa domain containing the ABC. The ATP-binding
motif domains (A) and (B) are underlined, and the linker peptide (L)is identified. The proteins
aligned are from the following organisms: GepD (D. nodosus), H10354 (H. influenzae), TauB
(E. coliy, AtsC (P. aeruginosa), AFO092 (A. fulgidus), Tgal. (B. subtilis), ShiC (8. hydrodystenterie).
Amino acids that are identical in the s x sequences aligned with gepD (though in some cases different
from the consensus) are indicated by asterisks; conserved amino acid residues are indicated by a
period; 10 aa intervals are shown (V).
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Figure 5.7: Hydrophobicity (<H>) plot (A) and predicted topology (B) of the GepE putative
BPD ABC transporter membrane-associated protein using the computer program TopPred 11
(Claros, 1996). Hydrophilicity is calculated according to the algorithm of Kyte-Doolittle (KD)
(Kyte & Doolittle, 1982). Transmenibrane domains are numbered 1 to 4. Other features are as
follows: LL indicates the number of amino acids in the loop; KR indicates the number of lysine and
arginine residues respectively; KR Diff indicates the positive charge difference; N- and C- indicate
the amino and carboxy termini of the protein. Cytoplasmic and periplasmic faces and the inner
membrane are also indicated.
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(Fath & Kolter, 1993; Higgins, 1992). Alternatively, the observation that GepE does not
contain the expected number of transmembrane subunits may also be a limitation of the

program used to predict the topology of the GepE protein.

Despite the high degree of similarity between the ATP-binding cassette motifs of
different ABC transporter proteins in general, there is often little sequence similarity
between the membrane-associated proteins of different ABC transporters. It has been
proposed that the folding of a membrane protein is likely to be less sensitive to amino acid
substitutions than a soluble protein, and hence hydrophobic domains tend to be more

divergent than hydrophilic ones (Higgins, 1992).

A ClustalW alignment of the putative ABC transporter membrane-associated
protein, GepE, with similar transmembrane proteins, shows that although all have
similarity to GepE (Table 5.2), they are divergent from each other. Despite this
divergence, there are seven amino acid residues that are absolutely conserved including
three glycine, three proline and one phenylalanine (Figure 5.8). This suggests that these
particular residues may have an important functional or structural role in these related

proteins.

Glycine, 1s often found at turns in the protein secondary structure, primarily
because where it is present in a protein the minimal steric hindrance of the glycine side
chain results in more structural flexibility than other amino acids. Proline is the opposite
of glycine, since the secondary amino group is held in a rigid conformation that decreases
the flexibility of the protein at the point at which it is present (Lehninger, Nelson & Cox,
1993). The prediction of a-helices, B-sheets, and turns in GepE was done using the GCG
peptidestructure program (Jameson & Wolf, 1988) (Figure 5.8) available through ANGIS.

The position of conserved proline and glycine residues in GepE relative to potential
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Figure §.8: ClustalW alignment of ABC transporter membrane proteins with similarity to the gepE
encoded protein. The amino acid alignment between highly related proteins GepE (D. nodosus) and
HI0355 (H. influenzae) is shown (A). Th: GCG program peptidestructure was used to predict secondary
structures in GepE according to the methods of Chou-Fasman and Garnier-Osguthorpe-Robson.
Secondary structures are indicated as fo!lows: blue (a-helix), green (B-sheet) and turns (T). (B) The
amino acid alignment between GepE, HI0355 and more distantly related proteins AF0093 (A. fulgidus),
Y gaM (B. subtilis), TauC (E. coli) and A'sB (P. aeruginosa). The position in the amino acid sequences
of the aligned proteins is indicated at tte end of each line. Amino acids that are identical in all six
sequences are indicated by asterisks; conserved amino acid residues are indicated by a period; 10 aa
intervals are shown (v). The conserved glycine and proline residues are shown in red. The EAA-loop is
shown in red.
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secondary structures is consistent with the hypothesis that these residues may be important

to the structural and therefore functional integrity of the protein.

In the membrane-associated protein of the BPD transport systems there is a single
conserved sequence between 94 and 115 aa from the C-terminus feature which has the
CONSensus SequUence EAA---G---—---—- 1-Lp (Dassa & Hofnung, 1985), called the EAA-
loop. More recent studies of forty-seven membrane subunits led to the identification of a
similar sequence in all proteins but with variations in some positions of this consensus
sequence (Benner ef al., 1994). Similar variations are evident in the ClustalW alignment
of GepE and related sequences (Figure 5.8). The exact function of the EAA-loop has not
yet been elucidated, however it has been proposed that since it is located on the
cytoplasmic side of the membrane it may interact with a ligand or protein, possibly the

ATP-binding subunit of the BPD ABC transporter (Kerppola et al., 1991).

5.2.4 A role for gepC?

In two-thirds of BPD transporters so far characterised, there are two separate
membrane-associated proteins (Boos & Lucht, 1996), and it is assumed that these two
membrane-associated proteins form a heterodimer within the transport complex. In the
other third, the membrane-associated protein is thought to form a homodimer (Boos &

Lucht, 1996: Fath & Kolter, 1993; Higgins, 1992).

In the gep operon only G:pE had similarity to membrane-associated proteins of
BPD importer proteins. However, computer aided analysis of the hydrophobicity and
predicted topology of the GepC protein indicates that the GepC protein is also an integral
membrane protein (Figure 5.9). The GepC has three potential transmembrane domains,
that are separated by two hydrophilic loops, and an N- terminus which is located on the

cytoplasmic face, whilst the C-terminus is found on the periplasmic side of the membrane.
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